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L  FLAW  DETECTION 


INTRODUCTION 

We  investigated  several  variations  of  previously  described  techniques  in  which  elastic 
waves  generated  by  laser  induced  thennoelastic  expansions  are  used  for  flaw  detection.  In 
particular  we  have  attempted  to  take  advantage  of  the  enhancement  of  the  elastic  amplitude 
that  occurs  by  mechanical  clamping  of  the  laser  absorbing  surface.  In  the  present  experiments 
we  again  used  5  nsec  laser  pulses  from  a  pulsed  nitrogen  dye  laser  to  serve  as  the  excitation 
source  but  in  place  of  the  dielectric  clamp  we  have  used  water  as  the  constraining  medium.^ 
At  10  MHz  water  is  only  a  factor  of  2  less  effective  than  a  dielectric  rigid  clamp  such  as  fused 
quartz  plate.  ^  The  use  of  water  as  mechanical  constraint  has  several  advantages  1)  the 
assurance  of  uniform  acoustic  contact  between  the  clamping  medium  and  the  sample  under 
test,  virtually  irrespective  of  surface  curvature  and  2)  provision  for  uniform  coupling  between 
sample  and  piezoelectric  detector  when  an  immersion  receiver  is  used  as  the  detector. 
EXPERIMENT  AND  RESULTS 

1.  Bulk  Samples 

The  experimental  arrangement  is  shown  in  Figure  1.  The  dye  laser  was  operated  at 
low  repetition  rates,  typically  15  Hz  with  incident  power  on  the  order  of  40—150  Watts,  The 
output  of  the  PZT  immersion  detector  (10  MHz,  6  mm  diameter,  Aero  tech)  was  amplified  40 
dB  prior  to  the  box  integrator  and  chart  recorder  output.  A  water  tank  was  designed  for 
studying  flaws  in  samples  on  the  order  of  1  cm  or  less  on  a  side  with  the  entire  tank  sufficient¬ 
ly  small  to  fit  onto  the  stage  of  a  microscope.  The  objective  lens  served  to  focus  the  laser 

1  -j 

light  to  spot  diameters  on  the  order  of  5x10  -10  /x.  Specimens  of  Al,  Ti  and  graphite-epoxy 
were  investigated  (laminated  graphite-epoxy  samples  supplied  by  NADC).  In  the  metal 
samples,  we  attempted  to  obtain  signals  in  transmission  with  scattering  occurring  from 
mechanically  drilled  edge  and  through  holes  varying  between  0.036  to  0.1  cm  in  diameter. 
Scanning  of  the  cylindrical  flaws  was  achieved  by  micrometer  movement  of  the  sample 
assuring  constant  alignment  between  the  incident  laser  and  PZT  detector.  This  method  of 
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thermoelastic  excitation  requires  that  the  optical  absorption  of  the  sample  be  uniform  over  the 
surface  so  that  the  amplitudes  of  the  generated  waves  are  equal  for  all  points  of  interrogation. 
In  order  to  avoid  this  requirement  which  is  rarely  realized  unless  special  polishing  of  the 
surface  is  undertaken,  an  alternate  method  was  devised  in  which  a  thin  rubber  membrane  was 
interposed  between  the  laser  and  the  sample.  The  membrane  with  its  large  absorption 
constant  and  large  thermal  expansion  coefficient  serves  as  the  thermoelastic  generator,  fixed  in 
position.  The  configuration  is  shown  in  Figure  2. 

Data  for  an  A1  sample  (1.5x0.8x0.3  cm)  is  shown  in  Figure  3  taken  with  the  set-up 
of  Figure  1 .  The  scan  shows  transmitted  amplitudes  as  a  function  of  position  along  the  sample 
length  with  the  minimum  signal  corresponding  to  a  position  of  laser  absorption  directly  above 
the  edge  hole.  For  comparison  the  same  sample  is  shown  with  the  laser  replaced  by  a  second 
10  MHz  transducer,  Figure  4,  serving  as  the  ultrasonic  generator.  Here,  most  of  the  detail  of 
signal  of  Figure  3  is  lost  due  mainly  to  the  large  transducer  diameter  compared  to  the  flaw 
diameter.  The  comparison  illustrates  a  major  advantage  of  the  laser  technique;  i.e.,  in  other 
words  the  ability  to  produce  sufficiently  small  acoustic  beams  in  order  to  image  closely  spaced 
submillimeter  defects. 

A  similar  set  of  data  for  a  Ti  sample  containing  edge  through-hole  defects  is  shown  in 
Figure  5.  We  have  also  obtained  data  using  two  10  MHz  detectors  which  again  show  much 
poorer  resolution  than  that  obtained  with  the  laser. 

In  addition  to  through  hole  and  edge  hole  detection  we  have  also  attempted  to  detect 
the  presence  of  cracks  in  samples  of  steel  and  stainless  steel  in  the  thickness  range  0.005  to 
1  cm.  To  simulate  cracks  in  these  samples,  electron  discharge  milling  (EDM)  was  employed  at 
the  suggestion  of  W.  Scott  of  (NADC)  the  Naval  Air  Development  Center.  Resulting  EDM 
slots  were  0.002-0.004  cm  wide,  0.002  cm  deep  and  0.1  cm  in  length.  For  all  samples 
tested  with  the  crack  submerged  (clamped)  in  water  but  facing  the  incident  laser  source,  a 
clear  ultrasonic  indication  was  obtained  by  the  change  in  the  transmission  amplitude  detected 
at  10  MHz  when  scanning  over  the  crack.  However,  we  were  not  able  to  obtain  definitive 
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evidence  of  the  crack  when  the  EDM  slot  was  facing  away  (i.e.  smooth  surface  facing  laser) 
from  the  laser  beam.  Thus  the  ability  to  find  hidden  flaws  of  this  dimension  appears  to  be 
difficult  if  not  impossible  at  10  MHz.  Further  investigations  are  warranted  to  determine 
whether  the  present  scheme  might  be  useful  in  finding  hidden  cracks  using  detectors  tuned  to 
higher  frequencies.  Immersion  detectors  are  presently  available  up  to  50  MHz  (Panametrics) 
but  we  have  so  far  not  had  them  available  for  our  experiments. 

2.  Thin  Films 

Differences  in  film  thicknesses  have  been  detected  using  the  set-up  described  in  the 
previous  paragraph  with  detection  at  20  MHz.  The  samples  consisted  of  copper  lines  5  fx 

o 

high  with  widths  varying  between  15  —  500/i.  The  lines  were  deposited  on  a  500  A  back¬ 
ground  metallization  consisting  of  copper-chrome.  These  lines  were  readily  distinguishable 
from  the  background  metallization  by  both  optical  and  thermoelastic  inspection  so  long  as  the 
lines  were  facing  the  incident  optical  radiation.  Examples  of  detection  at  20  MHz  are  shown 
in  Fig.  6  for  the  lines  facing  the  incident  radiation.  The  presence  of  the  lines  is  indicated  by 
an  increase  in  transmitted  signal  due  apparently  to  a  greater  absorption  of  the  incident 
radiation.  However,  with  the  sample  inverted  so  that  the  lines  were  effectively  "blind”,  it  was 
not  possible  to  obtain  a  clear  difference  in  acoustic  signal  between  lines  and  background.  It  is 
likely  that  for  micron  sized  flaws,  photoacoustic  techniques  as  described  by  Rosencwaig  et  al"^ 
and  Luukkala  et  al^  would  be  more  effective  since  a  longer  thermal  wavelength  would  probe 
the  samples  below  the  surface  more  effectively  than  that  resulting  from  the  short  pulses  (nsec) 
of  laser  radiation. 

3.  Graphite-Epoxy 

One  sample  of  graphite-epoxy  was  supplied  by  NADC  which  was  sectioned  into 
smaller  pieces  in  order  to  fit  the  water  tank  shown  in  Figure  1.  For  the  section  under  test,  one 
lamination  had  been  removed  so  that  a  hole  existed  over  an  1.5  cm  region.  Data  for  this 
section  is  shown  in  Figure  7,  taken  by  having  the  laser  absorbed  directly  by  the  submerged 
sample,  using  water  as  the  clamp  7a  and  interposing  a  rubber  membrane  to  act  as  the  optical 
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absorber  and  elastic  wave  generator,  Figure  7b.  We  interpret  the  fluctuation  in  amplitude  of 
the  received  signal  as  being  due  to  the  bonding  material  filling  in  the  graphite-epoxy  defect 
nonuniformly.  Similar,  though  considerably  less  detailed  fluctuations  in  the  received  signal 
were  obtained  with  the  use  of  a  second  10  MHz  transducer  to  replace  the  laser  elastic  wave 
generation.  Figure  8.  It  is  therefore  quite  clear  that  laser  generated  thermoelastic  waves  can 
readily  detect  hidden  flaws  in  graphite-epoxy.  The  resolution  of  this  technique  as  it  applies  to 
this  material  remains  to  be  determined. 

4.  Large  Bulk  Samples 

Attempts  to  locate  blind  cracks  in  turbine  blades  (supplied  by  NADC)  using  laser 
generated  thermoelastic  waves  were  not  successful.  For  these  experiments  a  10  MHz  immer¬ 
sion  transducer  in  a  water  tank  was  used  in  conjunction  with  a  frequency  doubled  Nd-YAG 
laser.  This  laser  provided  pulses  of  ~  30  nsec  half  width  at  5300  A.  Water  served  to  clamp 
the  complicated  turbine  blade  surfaces  in  order  to  provide  maximum  optical  to  mechanical 
conversion  efficiency.  In  an  attempt  to  locate  the  internal  cracks  we  were  dependent  on  an 
approximate  flaw  location  map  provided  by  NADC.  The  received  signals  traversing  the 
turbine  ribs  were  not  noticeably  different  as  the  laser  was  scanned  along  sections  allegedly 
containing  these  flaws. 

Conclusions 

Hidden  flaws,  ~  150  m  or  greater  in  at  least  2  dimensions  have  been  found  using  laser 
generated  thermoelastic  waves  both  in  the  present  work  as  well  as  some  of  the  work  already 
published. L2  Hidden  flaws  in  the  1  -  25/u  range  in  one  dimensions  such  as  cracks  have  so  far 
not  been  detected  by  thermoelastic  schemes.  To  detect  such  small  flaws  may  require  the 
following  refinements;  1)  higher  detector  frequency  response;  2)  a  fast  Fourier  transform 
method  to  provide  frequency  rather  than  real  time  information  from  the  received  signal;  3)  the 
use  of  photoacoustic  techniques  such  as  those  described  in  Ref.  4  and  5  and  in  Section  V. 
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Microscope  stage  water  tank  for  flaw  detection  in  transmission  of  water 
immersed  samples. 
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Fig.  2 


Set-up  for  using  rubber-water  interface  for  laser  generated  elastic  waves. 
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FLAW  LOCATION 


ig.  3  Flaws  in  an  Ai  sample  using  laser  generated  elastic  waves. 
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Fig-  5  Flaws  in  a  Ti  sample. 
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NORMALIZED  TIME 


Fig.  6  Detection  at  10  MHz  of  various  thin  film  thicknesses  deposited  on  glass. 
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POSITION  ON  EPOXY  BOARD 


REGION  OF  EPOXY  BOARD 


Fig.  7  Graphite-epoxy  flaw  detection  using  laser  generation. 
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REGION  OF  EPOXY  BOARD 


Fig.  8  Graphite-epoxy  flaw  detection  using  piezoelectric  generation  and  detection. 
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IL  THERMAL  PROFILES 

In  order  to  use  lasers  for  non-destructive  testing,  it  is  important  to  know  what 
limitations  are  required  on  the  optical  power  density,  pulse  duration  and  repetition  rate  in 
order  1)  to  prevent  damage  to  the  absorbing  material  and  2)  to  prevent  non-linear  effects 
such  as  occur  when  water  used  as  a  clamp  boils  or  cavitates.  These  considerations  have  led  us 
to  investigate  (in  collaboration  with  H.  F.  Budd)  various  thermal  models  in  order  to  determine 
temperature /time  profiles  resulting  from  laser  absorption.  In  all  cases  we  have  assumed  an 
infinite  absorption  constant  for  the  laser  absorbing  medium;  in  other  words,  i.e.  surface 
absorption  which  is  a  good  approximation  for  most  metallic  absorbers.  A  computer  program 
has  been  set  up  for  each  of  these  thermal  models  in  which  approximations  to  the  experimental 
conditions  are  made.  The  simplest  of  these  three  is  for  1  dimensional  heat  flow  for  a  3 
layered  structure.  Here,  incident  laser  power  passes  through  the  first  medium  (clamping  plate) 
without  attenuation  and  is  absorbed  by  the  second  medium  consisting  of  a  thin  evaporated 
layer.  This  layer  is  in  contact  with  a  third  medium,  semi-infinite  in  extent.  This  structure  has 
been  previously  described  in  conjunction  with  the  generation  of  elastic  waves  at  a  solid-liquid 
interface.^  Solutions  for  several  special  cases  of  the  temperature-time  profiles  of  such  a 
structure  are  shown  in  Fig.  9  for  an  absorbed  power  density  of  1  W/cm^.  Figure  9  includes 
values  of  the  temperature  for  the  clamped  case,  glass-Au-a-quartz  as  well  as  the  undamped 
case;  in  other  words,  i.e.  where  medium  1  is  taken  to  be  air  rather  than  glass.  The  removal  of 
the  clamp  becomes  relatively  unimportant  on  the  temperature  maximum  for  shorter  laser  pulse 
widths  although  the  effect  on  the  elastic  amplitude  is  greatly  effected  as  previously  shown.^ 
For  this  structure,  power  densities  as  high  as  10^  W/cm^  can  be  used  without  causing  damage 
with  10  nsec  pulse  widths  based  on  the  results  shown  in  Fig.  9.  It  is  important  to  observe  the 
relatively  long  temperature  decay  time  for  each  applied  pulse.  For  sufficiently  short  pulse 
widths  and  slow  repetition  rates  this  decay  can  be  shown  to  approach  the  initial  ambient 
temperature.  This  is  not  true  in  general,  however,  and  we  are  presently  working  on  the  3 
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dimensional  heat  flow  case  for  a  continuous  periodic  train  of  pulses.  This  calculation  is  not 
yet  complete. 

We  have  also  modeled  the  3  medium  single  pulse  case  for  3  dimensional  heat  flow  for 
an  incident  laser  pulse  of  arbitrary  gaussian  radius,  r^,.  A  comparison  between  1  dimensional 
and  3  dimensional  heat  flow  is  shown  for  a  glass- Au-a-quartz  structure  in  Figure  10  with 
Fq  =s  5x10“  cm,  Au  thickness  =  2x10“  cm  a  power  density  of  1  W/cm^  at  the  center 
r  =  0  and  a  pulse  width  of  1  jusec.  The  power  density  for  the  1  dimensional  case  is  also  1 
W/cm^  Not  surprisingly,  the  heating  portions  for  the  two  cases  are  essentially  identical  since 
very  little  lateral  heat  spread  can  occur  in  1  imsqc  in  these  media.  The  curves  begin  to  deviate 
from  one  another  at  3  /xsec.  It  is  clear  that  for  long  pulse  widths  the  1  dimensional 
calculation  cannot  be  used  since  the  peak  temperature  will  be  overestimated  while  the  cooling 
rates  will  be  underestimated.  However  the  case  of  three  dimensional  heat  flow  for  a  single 
pulse  is  a  good  approximation  from  which  the  maximum  temperature  can  be  estimated  for  the 
low  repetition  rates  used  in  our  experiments. 

In  Figure  11  we  include  calculations  for  two  media  structures  which  can  be  used  to 
approximate  the  conditions  of  the  experiments  on  flaw  detection  in  bulk  samples  using  water 
as  the  clamping  material  (see  Section  I,  Flaw  Detection).  In  the  limit  of  a  very  thin  layer  for 
medium^  and  long  pulse  lengths,  exact  solutions  for  the  temperature  profiles  can  be  derived 
from  the  homogeneous  medium  solutions  found  in  Pitt  away. In  the  computer  solutions  of  Fig. 
11,  the  water  layer  and  the  sample  dimensions  are  considered  large  compared  to  thermal 
diffusion  lengths  2/  kt^  when  k  is  the  thermal  diffusivity  and  t^  the  incident  pulse  width. 
From  these  curves  we  determine  that  for  water-Al  and  water-steel  interfaces,  5  nsec  pulses  of 
up  to  10^  W/cm^  can  be  absorbed  without  causing  the  water  to  boil.  This  sets  the  limiting 
temperature  for  maintaining  linearity  of  the  detected  acoustic  signal.  Any  boiling  or  cavitation 
of  the  liquid  results  both  in  nonlinear  behavior  as  well  as  noisy  output  signals. 

Experimentally,  values  of  laser  power  density  that  were  below  damage  threshold, 
either  to  the  sample  or  the  clamping  layer,  were  found  to  be  in  the  range  10^  to  10^  W/cm^ 
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for  pulse  repetition  rates  on  the  order  of  10  Hz  with  laser  pulse  widths  on  the  order  of  5-  30 
nsec.  This  2  orders  of  magnitude  power  density  range  includes  the  large  variety  of  bulk  and 
thin  film  samples  we  investigated  and  described  in  the  previous  section.  In  order  to  determine 
the  limiting  power  density  values  more  precisely  one  requires  knowledge  of  the  thermal 
parameters  and  dimensions  of  all  the  materials  of  the  thermoelastic  generating  structure  as  well 
as  the  solutions  to  the  3  dimensional  heat  flow  problem.  ' 

In  general  it  is  clear  that  flaw  detection  can  be  accomplished  using  thermoelastic 
expansions  to  generate  elastic  waves  without  damage  to  the  test  sample.  The  extent  to  which 
signal  averaging  is  necessary  together  with  the  required  data  rate  will  determine  the  allowable 
incident  peak  laser  power  density  below  damage  threshold.  Whether  laser  generated  elastic 
wave  detection  is  practical  with  the  above  limitations  also  depends  on  the  specific  thermal  and 
elastic  parameters  of  the  particular  material  under  study. 
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Fig.  9 


Temperature-time  profile  for  a  glass  —  Au  —  a  —  quartz  structure. 


Temperature-time  profiling  comparing  1  and  3  dimensional  heat  flow, 
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Fig-  1 1  Thermal  profiles  from  gaussian  laser  beam  irradiation. 
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III.  LASER  GENERATED  THERMOELASTIC  BEAM  PROFILING 
The  purpose  of  this  investigation  was  to  determine  the  acoustic  radiation  pattern  in 
water  emanating  from  a  thin  film  of  tungsten  on  glass  upon  the  absorption  of  pulsed  laser 
radiation.  In  our  experiments  2.5x10”^  cm  glass  slides  with  2000  A  thick  films,  e-beam 
evaporated,  were  mounted  vertically  on  the  inside  transparent  wall  of  a  water  tank  with  the 
film’s  free  surface  facing  into  the  water.  An  Nd-YAG  frequency  doubled  laser  (5300  A)  was 
directed  through  the  wall  and  absorbed  by  the  film  at  the  glass-film  interface,  exciting  a  spot 
~  2  mm  in  diameter.  The  laser  was  operated  at  ~  6  kW  output  with  a  mode  pattern  that  was 
approximately  gaussian.  The  elastic  wave  resulting  from  the  30  nsec  wide  pulses  propagates 
from  the  heated  film  into  the  water  as  well  as  into  the  tank  wall.  However,  these  two  waves 
are  easily  distinguishable  by  their  difference  in  arrival  time  at  the  receiver,  in  this  case  a  6  mm 
diameter,  10  MHz  Aerotech  immersion  transducer.  The  receiver  was  mounted  on  a  precision 
arm  capable  of  x,  y  motion  either  by  manual  or  motor  drive,  the  latter  controlled  by  a 
microprocessor.  The  z  direction  was  manually  adjustable.  The  experimental  arrangement  is 
shown  in  Figure  12.  The  system  includes  the  capability  for  digitizing  the  detector  signal  using 
an  on-line  computer;  however,  for  our  experiments  this  option  was  not  utilized.  Rather,  the 
detector  amplitudes  were  recorded  manually  from  an  oscilloscope  as  a  function  of  receiver 
position.  Computer  graphics  were  used  to  generate  a  display  of  amplitude  in  a  given  x,  y 
plane. 

A  typical  radiation  field  for  the  plane  z=0  where  z  is  measured  from  the  center  of  the 
laser  absorption  spot  is  shown  in  Figure  13.  Here  the  amplitude  falls  off  with  distance  from 
the  source  while  spreading  laterally  as  expected  from  simple  diffraction  theory.  In  the  far  field 
pattern;  in  other  words,  x  >  >  \  a  simple  comparison  to  Fraunhofer  diffraction  is  useful^, 
where  for  a  circular  source  the  amplitude  U  is  related  to  the  first  order  Bessel  function  Jj, 

2Jj(kaw) 

U  oc 


kaw 


(1) 
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where  a  is  the  radius  of  the  aperture  (laser  spot),  k  =  with  \  the  wavelength  in  water  at 

A 

10  MHz,  W  =  sin  0  with  d  defined  by  the  angle  between  the  x  axis  and  distance  from  the 
origin  to  the  point  on  the  diffraction  pattern.  Secondary  maxima  in  the  diffraction  pattern  are 
predicted  to  be  much  smaller  than  the  primary  peak  and  are  also  not  observed  experimentally. 
From  the  tabulated  values  in  Reference  8,  the  first  zero  value  for  equation  (1)  occurs  at  kaw 
=  l.liT.  This  yields  the  well  known  result  for  diffraction  from  a  disk. 


w  = 


L2X 

a 


(2) 


and  gives  for  our  10  MHz  waves  for  a  spot  ~  1  mm  in  radius 

sin  0  =  1.8x  10“^ 


(3) 


At  a  distance  of  178  mm  from  the  source  (Figure  13)  the  first  zero  corresponds  to 
sin  d  =  5x10"^.  This  smaller-than-predicted  observed  diffraction  angle  can  be  due  to  the 
following  causes:  1)  an  underestimate  of  our  laser  spot  diameter  2)  the  nonuniformity  of 
the  power  density  of  the  spot  3)  errors  in  the  detected  signal  due  to  phase  cancellation  across 
the  face  of  the  detector.  We  have  on  several  occasions  attempted  to  reduce  these  cancellation 
effects  by  means  of  specially  designed  aperture  plates  to  limit  the  active  area  of  the  receiver, 
however  these  results  will  not  be  further  discussed  here. 

In  Figure  13  the  change  in  area  under  the  amplitude  curves  as  a  function  of  x  can  be 
accounted  for  almost  exclusively  by  the  amplitude  attenuation  of  water  at  10  MHz,  0.029/cm. 

In  addition  to  the  laser  generated  elastic  beam  profiling,  we  have  also  tested  several 
thin  films  using  electrical  pulse  heating  rather  than  lasers  to  generate  thermoelastic  waves.  In 
these  cases  it  was  relatively  easy  to  vary  the  generated  elastic  center  frequency  by  varying  the 
pulse  width  of  the  pulse  generator.  Several  diffraction  patterns  for  these  films  have  been 
recorded  and  also  found  to  obey  the  simple  Fraunhofer  diffraction  rules. 

Thus  we  have  shown  that  it  is  relatively  simple  to  utilize  thermoelastic  expansions  to 
generate  collimated  beams  which  can  be  used  for  material  flaw  or  medical  diagnostic  purposes. 
Since  there  is  no  need  for  special  bonding  or  backing  techniques  for  the  excitation  element  as 
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is  typical  for  piezoelectric  materials  it  is  not  surprising  that  a  well  collimated  elastic  beam 
results  from  thermoelastic  expansions,  as  predicted  from  a  simple  piston  model^  in  conjunction 
with  Fraunhofer  diffraction  theory. 
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Fig.  12  Beam  profiling  water  tank  and  schematic. 
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Fig.  13  Computer  graphics  of  laser  generated  acoustic  beam. 
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IV.  THERMOELASTIC  EFFECIENCY 

Theory 

The  efficiency  of  the  conversion  of  optical  energy  to  elastic  energy  is  an  important 
parameter  in  evaluating  the  effectiveness  of  thermoelastic  wave  generation.  White^  has 
devised  a  simple  1  dimensional  theory  for  the  conversion  efficiency  of  incident  harmonically 
varying  radiation  absorbed  by  an  undamped  surface.  We  have  applied  this  theory  to  pulse 
heating  of  clamped  surfaces  with  the  following  approximations:  (1)  our  3  layered  structure  can 
be  treated  like  a  homogeneous  medium,  (2)  the  harmonic  variation  is  derived  from  the  Fourier 
components  of  the  incident  pulse,  (3)  the  relevant  terms  of  the  Fourier  expansion  are  deter¬ 
mined  by  the  bandwidth  of  the  receiver.  For  an  optical  flux  F  (w/cm^)  varying  with  angular 
frequency  co  as, 

F  =  Fq  cos  wt  (4) 

the  expression  for  the  conversion  efficiency  7/  of  a  homogeneous  clamped  medium  because, 

.  .  5.7x10-Vp 

\v\  =  - ; -  (5) 

pC^ 

where  v  is  the  acoustic  velocity  (cm/sec)  P  the  linear  thermal  expansion  coefficient,  p  the 
density  (gm/cm^)  and  C  the  heat  capacity  (cal/gm).  It  is  interesting  to  note  the  dependence 
of  7j  on  the  incident  flux,  F^.  Theoretically  the  efficiency  could  reach  100%  except  that  the 
fluxes  required  would  produce  non-linear  deviations  from  the  simple  theory  and  more  likely 
melting  of  the  material  even  for  values  of  F^  considerably  below  the  theoretical  100% 
efficiency  value. 

Values  of  tj/Fq  for  clamped  homogeneous  materials  are  listed  in  Table  I  derived  from 
equation  (5).  It  is  important  to  recognize  that  in  general  more  than  1  medium  is  required  to 
realize  the  clamped  condition  so  that  the  values  in  Table  I  are  upper  limits.  In  a  previous 
paper  we  have  calculated  the  strain/ watt/cm^  absorbed  power  for  a  3  layer  structure.^  We 
have  used  these  strain  values  to  calculate  tj  for  the  structures  listed  in  Table  IL  Here  a 
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relatively  large  efficiency  is  obtained  by  utilizing  the  high  expansion  coefficient  of  a  liquid. 
These  values  were  obtained  from  a  computer  program  which  solved  both  the  1  dimensional 
heat  flow  and  the  coupled  elastic  wave  equation  for  the  3  media.  For  details  of  strain  as  a 
function  of  the  thickness  of  medium  2  the  reader  should  refer  to  Reference  6. 

It  is  especially  interesting  to  note  the  large  value  of  tj  predicted  for  liquid  He.  This 
gives  rise  to  the  possibility  of  generating  large  elastic  amplitudes  in  low  temperature 
environments.^^  Alternatively,  if  liquid  He  itself  is  not  the  generating  medium,  the  decreasing 
heat  capacity  with  lower  temperatures  gives  rise  to  increasing  conversion  efficiences,  A 
possible  application  of  this  effect  is  the  laser  generated  elastic  waves  for  NDT  at  low  tempera¬ 
tures,  for  example  Josephson  devices  at  liquid  helium  temperatures. 

The  efficiency  of  thermoelastically  generated  waves  is  generally  orders  of  magnitude 
less  than  that  obtainable  from  PZT.  The  latter  has  under  optimum  circumstances,  yielded 
efficiencies  well  over  30%.^^  This  is  physically  unrealizable  thermoelastically.  In  our 
experiments  with  incident  power  densities  on  the  order  of  10  —10  w/cm  efficiencies  on  the 
order  of  10"^  result.  It  is  important  to  realize  however  that  the  advantage  of  laser  generated 
thermoelastic  waves  lies  in  the  flexibility  both  for  scanning  and  probing  very  small  regions  in 
order  to  provide  high  resolution  detection  of  flaws.  A  particular  advantage  of  the  laser 
technique  is  the  ability  to  probe  materials  with  complicated  or  irregular  surface  contours  not 
readily  amenable  to  investigation  with  standard  transducers.  On  the  other  hand,  for  those 
cases  where  high  conversion  efficiencies  are  an  important  consideration,  thermoelastic 
generation  will  not  be  a  viable  technique  for  NDT. 

Sample  Calculation  and  Experimental  Comparison 

We  refer  now  to  the  apparatus  of  Figure  1  and  perform  an  approximate  sample 
calculation  for  the  expected  acoustic  power  generated  at  the  surface  of  a  titanium  sample.  We 
assume  the  sample  to  be  clamped  by  water,  and  the  excitation  source  to  be  a  5  nsec  laser  pulse 
with  power  absorption  over  an  area  2xl0~  cm  (total  absorbed  power  is  50  W).  This 
corresponds  to  the  conditions  shown  in  the  data  of  Figure  5  in  regions  away  from  the  flaw. 
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We  use  equation  (5)  to  determine  the  efficiency,  t),  and  acoustic  power  expected  for  the 
absorbed  power  density  of  ^2.5x10^  W/cm^.  The  following  corrections  are  required  to 
determine  the  acoustic  power  expected  at  the  transducer  (assumed  matched  to  water);  1)  a 


power  reflection  loss 


/  4ZiZ2  \ 

V  (Zj  +Z2)^  / 


where  and  Z2  are  the  acoustic  impedance  of  Ti  and 


water  respectively  and  a  bandwidth  correction.  This  latter  correction  comes  about  due  to  the 
fact  that  the  acoustic  spectrum  extends  from  0  to  approximately  200  MHz  for  a  5  nsec  pulse 
excitation.  The  bandwidth  of  our  receiver  is  ±  25%  of  the  center  frequency  so  that  5/200  of 
the  available  bandwidth  is  detected,  i.e.  2.5x10  .  Thus,  with  these  corrections  applied  to 

the  thermal  and  elastic  parameters  substituted  in  equation  (5),  we  obtain  a  value  of  the 
acoustic  power  equal  to  '^2.3  x  10“^. 

This  value  has  to  be  compared  to  the  observed  signal  from  the  Aerotech  Model 
transducer  across  50  0  which  is  observed  to  be  ±  20  mV  after  40  db  of  gain.  Thus  the 
approximate  electrical  power  for  such  laser  excitation  is  8x10“"^^  W  after  correction  for  the 
preamp.  Correction  for  the  one  way  insertion  loss  (given  as  32  dB  by  Aerotech  for  pulsed 
excitation)  implies  that  acoustic  power  for  this  excitation  is  1.3x10“^  W.  This  close  agree¬ 
ment  between  experiment  and  calculation  (i.e.  the  2.3x10“^  W  above)  should  not  be  taken 
too  literally  due  to  a  number  of  very  gross  approximations  in  the  theory  and  experimental 
corrections.  However,  the  results  give  a  good  order  of  magnitude  type  comparison  which  in 
this  particular  example  gives  very  close  agreement. 
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Table  I 


Material  vPq 


fused  quartz 

1.2  X  10-12 

pryex 

1.2  X  10-14 

Mo 

2.1  X  10-12 

water 

5.3  X  10-12 

acetone 

7.6  X  10-10 

liquid  He  (4.2°K) 

~  1  X  10-5 

Conversion  efficiency  to  elastic  power/w/cm^  absorbed  optical  power  for  a  clamped  homoge 
neons  medium  based  on  equation  (5). 
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Table  II 


3  Layer  Configuration  '^/^o 

[(Limit  as  Td  o  ] 


pyrex  —  Mo-acetone 


8  X  lO’li 


pyrex  -  Mo-method 


^  4  X  10-11 


pyrex  —  Mo-water 


-  1  X  10-12 


Conversion  efficiency  (elastic  power/unit  absorbed  power/ cm^)  for  a  1  dimensional  computer 
solution  for  a  3  layered  structure.  For  details  of  the  calculation  refer  to  reference  6. 
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V.  PHOTOACOUSTICS 


INTRODUCTION 

We  have  made  a  variety  of  preliminary  photoacoustic  measurements  with  a  number  of 
different  cell  configurations  to  study  the  merits  of  this  technique  for  possible  use  in  material 
flaw  detection.  Our  data  enable  us  to  make  some  qualitative  comparisons  to  the  pulsed  laser 
techniques  already  described. 

Two  types  of  photoacoustic  cells  were  investigated  consisting  of  a  closed  cell  with  the 
sample  forming  one  end  of  the  cell.  In  one  case  a  miniature  microphone  was  used  to  detect 
the  modulated  pressure  wave,  a  system  similar  to  that  described  by  Tam  and  Wong.^^  In  an 
alternate  configuration,  a  PZT  hydrophone  was  used  in  place  of  the  microphone,  with  the  cell 
again  forming  a  closed  system,  water  replacing  the  air  volume  and  the  sample  attached  to  the 
opposite  end  of  the  cell.  Two  types  of  PZT  detectors  were  used,  one  modeled  after  Patel  and 
Tam,^^.  the  other  utilizing  a  cylindrical  PZT  element.  The  latter  cell  has  been  used  in 
conjunction  with  an  operational  amplifier  resulting  in  a  signal  to  noise  figure  of  1000:1. 
Thus,  with  incident  power  on  the  order  of  only  100  mW  (absorption  in  the  sample  on  the 
order  of  50%)  signals  on  the  order  of  10-50  mV  are  obtained  with  modulation  frequencies  in 
the  range  10^—10^  Hz. 

THEORY  AND  EXPERIMENT 

Thermal  wave  imaging  has  been  described  by  several  investigators  as  a  means  of  flaw 
detection.^’^’  The  thermal  wavelength,  fi,  is  intermediate  in  length  to  that  typical  for 

standard  photoacoustics  and  that  representative  for  thermoelastic  waves  generated  by  submi¬ 
crosecond  pulses.  Here  ^  is  defined  by 


M  = 


(6) 


with  u  the  angular  optical  modulation  frequency  and  k  the  thermal  diffusivity  of  the  optically 
absorbing  surface. 
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Our  interest  in  photoacoustics  stems  from  the  recent  reports  on  thermal  wave  imaging 
(where  ji  is  sufficiently  large  to  sample  subsurface  flaws)  together  with  a  particular  approxi¬ 
mate  derivation  for  the  oscillating  pressure  variation  as  a  function  of  photoacoustic  cell 
geometry  found  in  Reference  12,  This  analysis  has  suggested  the  possibility  of  achieving  very 
high  signal  as  well  as  signal  to  noise  ratio  for  thermal  wave  imaging  by  having  the  sample 
under  investigation  in  contact  with  a  liquid  so  long  as  the  thermal  wavelength  extends  well  into 
the  liquid.  This  ’’thermal  leak”  technique  in  which  heat  from  a  solid  is  transferred  to  a  liquid 
with  a  relatively  high  thermal  expansion  coefficient  has  been  previously  described  in  conjunc¬ 
tion  with  generating  large  thermoelastic  amplitudes  in  thin  films  in  contact  with  liqudis.^ 

An  approximate  theory  for  the  microphone-air  cell  shown  in  Figure  14  is  derived  from 
the  ’’piston”  model  of  Reference  12  in  terms  of  a  local  temperature-pressure-change,  with  the 
pressure  communicated  to  the  entire  closed  volume.  For  modulated  optical  radiation  absorbed 
at  the  air-sample  interface,  a  temperature  change  occurs  in  the  volume  determined  by  the  laser 
beam  of  radius  r  and  thermal  diffusion  length  of  the  air,  /Xg,  so  that  a  net  pressure  change 
occurs  throughout  the  cell  of  radius  R  equal  to 


[Ks^gTR^] 


(7) 


Here  F^  is  the  absorbed  laser  flux,  is  the  length  of  the  cell,  T,  the  absolute  tempera¬ 
ture,  Y  is  the  gas  constant,  the  thermal  diffusion  length  in  the  sample.  Kg  the  sample 
thermal  conductivity.  We  have  here  assumed  zero  residual  volume  in  the  microphone  and  > 
Using  this  theory  I  have  derived  an  expression  for  a  cell  similar  to  that  of  Figure  14 
replacing  the  air  with  water  and  the  microphone  by  a  hydrophone.  Here  the  local  temperature 
change  occurs  in  a  volume  equal  to  where  is  the  thermal  diffusion  length  in  water. 

The  resulting  pressure  change  communicated  to  the  entire  cell  volume  is, 

(8) 
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with  p  and  v  the  density  and  acoustic  velocity  of  water.  The  advantage  of  the  closed  water 
cell  over  the  air-cell  is  shown  by  taking  the  ratio  of  the  respective  oscillating  pressure  changes, 
given  in  Equations  7  and  8,  a  ratio  equal  approximately  to  100  at  room  temperature. 

In  our  initial  experiments  in  photoacoustics  we  used  an  air-cell  together  with  a 
Knowles  1754  microphone  using  stainless  steel  platelets  as  samples  varying  in  thickness  from 
2—20  mils.  Photoacoustic  amplitudes  were  measured  using  either  a  CW  krypton  or  argon  laser 
mechanically  chopped  in  the  frequency  range  100—1000  Hz  in  conjunction  with  a  PAR 
HR- 8  lock-in  detector.  The  cell  was  subsequently  open  and  filled  with  water,  the  measure¬ 
ments  repeated  and  compared  to  the  air  filled  cell.  An  increase  in  signal  by  a  factor  6  was 
observed  at  around  170  Hz.  As  these  microphones  were  not  designed  for  use  in  water,  it  was 
not  possible  to  continue  these  measurements  before  rapid  deterioration  in  the  detection 
sensitivity  occurred.  Subsequently,  we  used  thin  membranes  to  separate  the  water  from  the  air 
space  of  the  microphone.  However,  this  arrangement  introduces  a  relatively  large  microphone 
volume  which  substantially  degrades  the  effect  of  the  thermal  leak  into  the  water.  Some 
increase  in  signal  compared  to  an  air-only  cell  was  however  observed. 

The  most  promising  modification  of  the  photoacoustic  water  ceil  is  shown  in  Figure  15 
utilizing  a  cylindrical  thickness  polarized  PZT  element.  This  PZT  cell  has  been  used  in 
conjunction  with  a  40  dB  gain  operational  amplifier  with  signal  to  noise  ratio  at  the  output  of 
1000:1.  With  incident  laser  power  on  the  order  of  100  mW  (absorption  of  the  stainless 
steel  sample  50%)  signals  on  the  order  10—50  mV  are  obtained  for  modulation  frequencies 
in  the  range  100—1000  Hz.  A  plot  of  signal  obtained  with  light  incident  on  the  air-sample 
surface  for  2  mil,  10  mil  and  16  mil  stainless  steel  samples  are  shown  in  Figure  16.  The 
frequency  dependence  is  1/f  ,  consistent  with  Equation  8  for  fx^  >  sample  thickness. 

We  are  presently  designing  several  thin  samples  with  flaws  to  serve  as  ’’blind”  defects 
to  use  in  conjunction  with  this  cell.  So  far  successful  flaw  detection  with  this  cell  has  consist¬ 
ed  in  detecting  EDM  slots  2  x  2  x  40  mils)  in  10  mil  thick  stainless  steel  with  light 
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incident  on  the  sample  side  containing  the  flaw.  We  have  not  yet  detected  this  flaw  "blind" 
but  are  continuing  these  experiments. 

CONCLUSIONS 

The  photoacoustic  technique  appears  to  be  applicable  to  flaw  detection  though 
somewhat  less  flexible  than  the  submicrosecond  laser  pulse  method  in  conjunction  with  using 
broadband  detection.  Disadvantages  of  the  photoacoustic  cells  we  have  studied  are  the  need 
for^  small  cell  volumes  and  2)  the  tight  seal  between  sample  and  the  cell  medium  (air  or 
water).  It  would  appear  that  for  large  or  irregularly  shaped  samples  this  method  would  be 
hard  to  implement.  On  the  other  hand,  small,  thin  samples  could  well  be  tested  using  this 
technique.  Data  rates  might  be  relatively  slow  due  to  the  sampling  required  for  lock-in 
detection.  It  remains  to  be  seen  to  what  extent  "blind"  flaws  can  be  detected  with  this 
method. 
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MODULATED 

LASER 


Fig.  14  Standard  photoacoustic  cell. 
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Fig.  15 


Water  filled  photoacoustic  cell. 
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ustic  data. 


Fig.  16 


Stainless-steel  photoaco 
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VIL  CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  demonstrated  a  number  of  techniques  utilizing  lasers  to  generate  MHz  elastic 
waves  for  the  purpose  of  nondestructive  testing.  The  advantages  of  the  laser  technique  lie 
chiefly  in  the  ability  to  1)  scan  the  acoustic  excitation  source  and  2)  obtain  very  small 
excitation  spot  sizes.  The  addition  of  optical  modulation  of  a  CW  light  source  at  frequencies 
up  to  50  MHz  makes  it  possible  to  generate  high  frequency  elastic  waves  relatively  efficient¬ 
ly.  It  is  therefore  possible  to  perform  flaw  detection  measurements  over  very  small  regions 
and  complicated  surface  geometries  when,  for  example,  the  object  is  clamped  by  a  layer  of 
water. 

Although  we  have  not  performed  flaw  detection  measurements  above  20  MHz,  it  is 
apparent  that  the  techniques  we  have  demonstrated  can  be  extended  to  higher  frequencies. 
For  high  data  rates  it  is  important  to  consider  the  effect  of  the  laser  pulses  on  the  temperature 
rise  of  the  absorbing  region.  Under  those  conditions  it  is  important  to  optimize  the  conversion 
efficiency  (from  optical  to  elastic  energy)  at  the  desired  elastic  wave  frequency  and  to 
minimize  the  temperature  rise  of  the  sample  under  test.  It  appears  that  mode-locked  lasers 
offer  the  most  attractive  possibilities  for  high  frequency  elastic  wave  generation  as  already 
demonstrated  by  Brienza  et  al^^  and  Wikramasinghe  et  in  the  1  GHz  range.  Alternative¬ 
ly,  optoacoustic  modulation  of  CW  lasers  offers  a  potentially  flexible  high  frequency  source  of 
laser  generated  elastic  waves. 

We  have  found  both  experimentally  and  theoretically  that  the  conversion  efficiency  is 
generally  an  order  of  magnitude  lower  than  that  obtainable  from  piezoelectric  generators. 
However,  the  other  advantages  discussed  in  this  report  make  laser  generated  waves  an 
attractive  alternative  and  in  some  cases  a  unique  choice  for  certain  nondestructive  testing 
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FIGURE  CAPTIONS 


Fig.  1  Microscope  stage  acoustic  water  tank  showing  flaw  detection  of  small  speci¬ 

men  submerged  with  water  as  the  clamp..  Sample  movement  is  via  the  microm¬ 
eter  screw. 


Fig.  2  Same  as  Fig.  1  except  here  a  rubber  membrane  is  interposed  between  sample 

and  laser  to  serve  as  the  elastic  wave  generator. 


Fig.  3  10  MHz  data  using  5  nsec  pulses  to  interrogate  an  A1  sample  0.32  cm  thick. 

Edge  holes,  2  mm  deep  serve  as  the  flaw  with  diameters  1)  0.036  cm,  2) 
0.055  cm,  3)  0.092  cm  and  4)  0.1  cm.  The  numbers  are  positioned  at  the 
location  of  the  flaws.  The  flaw  at  5)  is  a  crack  caused  by  the  joint  between 
the  sample  and  its  support. 


Fig.  4  Transmission  data  for  the  same  sample  as  Fig.  3  taken  with  two  10  MHz 

piezoelectric  transducers,  a  6  mm  diameter  immersion  transducer  replacing  the 
laser  as  the  generator.  Note  the  lack  of  resolution  compared  to  Fig.  3. 


Fig.  5  Transmission  data  for  a  Ti  sample  irradiated  with  the  laser  set-up  at  10  MHz 

as  in  Fig.  1.  Data  is  shown  here  for  the  laser  absorbed  directly  above  the 
through  holes  A— D  and  two  regions  above  solid  Ti,  i.e.  no  holes.  The  holes 
have  diameters,  A  =  0.2  cm,  B  =  0.14  cm,  C  =  0.1  cm  and  D  =  0.05  cm. 


Fig.  6  Data  for  laser  generated  elastic  waves  in  transmission  through  5/i  thick  copper 

lines  on  a  thin  base  of  copper-chrome  on  glass.  The  transmission  data  is 
shown  for  varying  widths  of  thick  and  thin  lines  (see  text).  A  clear  distinction 
between  thick  and  thin  lines  is  obtained. 


Fig.  7  Transmission  data  at  10  MHz  through  a  section  of  graphite-epoxy,  with  a 

missing  lamination,  marked  on  the  diagram  as  defect.  Excitation  is  with  5  nsec 
laser  pulses  absorbed  directly  on  the  epoxy  board  7a;  using  a  rubber  mem¬ 
brane,  7b  to  act  as  generating  surface. 
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Fig.  8 


Fig.  9 


Fig.  10 


Fig.  11 


Fig.  12 


Fig.  13 


Fig.  14 


Fig.  15 


Fig.  16 


Transmission  data  as  above,  but  with  two  10  MHz  detectors.  Considerably 
less  detail  in  the  data  results  compared  to  Fig.  7. 


The  temperature -time  history  for  a  gold  film  evaporated  onto  an  o-quartz 
substrate  shown  with  and  without  a  glass  clamp.  Two  pulse  widths,  1  nsec  and 
10  nsec  are  shown.  The  model  assumes  1  dimensional  heat  flow,  uniform 
heating  for  1  W/cm^  absorbed  by  the  gold. 


Temperature  time  history  for  a  10  nsec  pulse  applied  to  a  glass-Au-a-quartz 
sample.  The  upper  cooling  curve  is  for  1  dimensional  heat  flow,  the  lower 
trace  for  3  dimensional  heat  flow.  For  this  time  scale,  both  the  1  dimensional 
and  3  dimensional  cases  have  identical  heating  portions  for  the  5x10”^  cm 
gaussian  beam  radius  (see  text). 


Thermal  profile  for  5  nsec  pulses  incident  at  a  water-steel  and  water- A1 
interface  for  a  guassian  beam  with  r^  =  5  x  10“^  cm.  Note  that  the  interface 
temperature  stays  below  the  water  boiling  of  point  for  power  densities  10^ 
W/cm^  at  the  center  of  the  gaussian  beam. 


Water  tank  showing  moveable  10  MHz  detector  for  measurements  of  transmit¬ 
ted  elastic  waves  as  a  function  of  position.  The  laser  is  incident  at  a  thin 
film-glass  interface  generating  thermoelastic  waves  in  the  water. 


Computer  graphics  display  of  the  acoustic  field  at  10  MHz  (vertical  scale)  as  a 
function  of  position  in  a  water  tank  for  a  thin  film  heated  by  a  pulsed  Nd- 
YAG  laser. 


Photoacoustic  plexiglass  cell  with  a  cell  volume  of  ~  0.2  cm^.  Laser  radiation 
can  be  applied  through  the  cell  window  as  shown,  or  to  the  back  of  the  sam¬ 
ple. 


Plexiglass  cell  containing  cylindrical  PZT  to  detect  acoustic  waves  via  an 
oscillating  thermal  pressure  wave  in  water.  The  cell  can  also  be  used  to  detect 
acoustic  waves  transmitted  from  the  sample  to  the  liquid  (see  text). 


Data  for  stainless  steel  samples  of  varying  thicknesses  used  in  conjunction  with 
the  cell  of  Fig.  15.  The  frequency  dependence  agrees  approximately  with  that 
predicted  by  Eq.  7. 
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